Introduction
Cementum is a mineralized tissue covering tooth root dentin. Two major types of cementum exist in human teeth, distinct in location and function (Foster and Somerman 2012) . Acellular cementum (acellular extrinsic fiber cementum, or primary cementum) is located on the cervical portions of roots and anchors the primary collagen fibers of the periodontal ligament (PDL), providing a strong attachment between the tooth and surrounding alveolar bone. Cellular cementum (cellular intrinsic fiber cementum, or secondary cementum) is located on apical roots and in furcation regions and has a role in posteruptive adjustment of tooth position. During formation of cellular cementum, cementoblasts secrete a layer of unmineralized extracellular matrix (ECM), the cementoid. As cementoid deposition progresses, some cementoblasts are embedded in the ECM and become cementocytes. While similar to bone in composition, cementum is avascular and does not undergo physiological remodeling but grows by continuous apposition throughout life.
As apparently terminally differentiated cells embedded in a mineralized ECM, cementocytes are part of a select group of specialized cells, also including osteocytes, hypertrophic chondrocytes, and odontoblasts. Although osteocytes comprise more than 95% of skeletal cells, they were long thought to be passive residents. More than 2 decades of intense study of osteocytes in vivo and in vitro overturned this paradigm, revealing that osteocytes modulate bone homeostasis and remodeling, act as mechanosensors, and direct endocrine regulation of mineral metabolism (as summarized in Bonewald 2011; Dallas et al. 2013) . The question may be posed whether the cementocyte is a dynamic actor in cementum in comparable fashion with the osteocyte in the skeleton, responding to changing tooth functions and endocrine signals, as well as actively directing local cementum metabolism.
The aim of this review is not only to summarize the literature to date with regard to cementocytes but also to identify important unanswered questions about these cells. These fundamental questions are reflected in the organization of the review, addressing the origin and differentiation process of cementocytes, their lacuno-canalicular system allowing cellcell communication, selective markers expressed, and what potential functions the cells may have. As the closest "cousins" to cementocytes, osteocytes will serve as relevant comparisons, and insights gained from osteocyte studies will serve to inform the critical examination of cementocytes.
Where Do Cementocytes Come from and How Do They Differentiate?
the embedding of an osteoblast in the ECM but also changes in cell morphology and cytoskeletal organization, formation of dendritic processes and connection to other cells to make a lacuno-canalicular network, changes in gene expression, local ECM remodeling, and regulation of ECM mineralization (Bonewald 2011; Dallas et al. 2013) .
The origin of cementoblasts remains controversial, with a classic hypothesis pointing to ectomesenchymal cells of the dental follicle and a more recently proposed alternative hypothesis suggesting that Hertwig's epithelial root sheath (HERS) cells undergo epithelial-mesenchymal transformation and contribute to the pool of cementoblasts (Bosshardt 2005; Foster and Somerman 2012) . Despite this uncertainty, it is widely assumed that cementoblasts producing the cellular cementum become the cementocytes embedded in the ECM. Morphological studies of cementoblasts of the cellular cementum describe large, cuboidal cells with euchromatin-rich nuclei (suggesting active gene transcription) and abundant rough endoplasmic reticulum (ER) and Golgi complex (suggesting active protein synthesis) (Furseth 1969; Jande and Bélanger 1970; Bosshardt and Schroeder 1990, 1992) . Notably, this description is entirely consistent with osteoblasts. Some studies have pointed out differences in cementoblasts versus osteoblasts in vitro. For example, Grzesik et al. (2000) noted differences in the composition and organization of ECM produced by human cementumassociated cells versus bone marrow stromal-derived osteoblasts in an ex vivo ossicle transplant model. However, direct comparison of the regulation and differentiation of cementoblasts and osteoblasts in vivo, as well as composition of their respective matrices, reveals they have much in common (Bosshardt 2005) . For example, common elements in the differentiation of osteoblasts and cellular cementum cementoblasts are indicated by effects of gene mutation and knockout of key osteoblast regulators such as Runx2 and Osterix (Camilleri and McDonald 2006; Cao et al. 2012) .
The process of cementocytogenesis is not well understood, and to date, there have been no detailed studies to define the molecular sequence of events. Entrapment of cementoblasts within the cementoid has been associated with the rapid rate and multipolar mode of ECM secretion during cellular cementum formation (Bosshardt and Schroeder 1990, 1992) . In some of the few studies considering cementocytogenesis, cementoblasts near the cementoid surface that appear to be precementocytes are described as having wing-like cell processes that may have a secretory function and that transition into more slender and branching cementocyte processes upon engulfment ( Fig. 1) (Yamamoto and Hinrichsen 1993; Yamamoto et al. 1996) . Cellular changes in newly embedded cementoid cementoblasts parallel those observed in osteoid osteocytesnamely, alteration of cell shape and size, as well as decrease in cytoplasmic organelles indicative of declining secretory activity (Frank and Steuer 1977; Yamamoto et al. 1996) . With aging, further changes are reported in more deeply buried cementocytes, including decreases in cell size, nucleus, and organelles; increased numbers of vacuoles and lysosomes; and less endocytic activity (Furseth 1967 (Furseth , 1969 Jande and Bélanger 1970; Ayasaka et al. 1992 ). Signs of cell stress can be observed in some deeply buried cementocytes, including hyperchromatic nuclei, large vacuoles, and disrupted mitochondria. Empty lacunae (and some featuring nuclear remnants or fibrillary materials) are observed in deep cellular cementum, suggesting cell death via an unknown mechanism. The life span of an osteocyte is thought to be dictated by the rate of bone turnover and, as such, may continue for decades. In cellular cementum, where there is no significant physiological remodeling, cementocytes are embedded for life and, with time and continued cementum apposition, may exceed the distance for effective nutrient exchange.
In summary, cementocyte differentiation remains poorly understood, with no detailed insights on underlying mechanisms and with competing hypotheses about the cell lineage giving rise to the cementoblasts of the cellular cementum.
Do Cementocytes Communicate with Each Other and Surface Cells?
A defining feature of osteocytes that allows them to survive while entombed within the mineralized ECM is their complex dendritic network (Fig. 2) that branches out through a lacunocanalicular system (Bonewald 2011; Dallas et al. 2013) . Osteocyte cell processes (dendrites) extend through tiny tunnels (canaliculi) that connect the cells to each other (to communicate), to the vasculature (to receive nutrients and send/ receive endocrine signals), and to the bone surface (to exchange signals with external cells). The network is filled with a canalicular fluid thought to provide oxygen and nutrients. Importantly, the fluid flow produces shear stress and potentially hydrostatic pressure within the network, providing mechanical cues from bone loading and unloading; therefore, osteocytes function as mechanosensory cells based on this feedback system. Cementocytes also occupy lacunae and display dendrites within a lacunocanalicular network (Fig. 2) , based on studies of cellular cementum in mice (Cao et al. 2012; Zhao et al. 2016) , rats (Ayasaka et al. 1992; Yamamoto and Hinrichsen 1993; Yamamoto et al. 1996; Kagayama et al. 1997) , and humans (Bosshardt and Schroeder 1992; Scivetti et al. 2007 ). This indicates that, like osteocytes, they are adapted to reside within a mineralized ECM and are potentially capable of communicating with one another and with outside cells. However, studies to date offer important distinctions between cementocytes and osteocytes, in terms of dendrites, lacunae, and canaliculi. Three-dimensional analysis of human cementocytes by confocal laser scanning microscopy (Scivetti et al. 2007 ) indicates an average cell body length (9-17 µm) similar to that estimated for chick calvarial osteocytes (10-15 µm), although the number of dendrites per cell differs significantly between the cell types. Whereas cementocytes feature about 8 to 20 dendrites per cell, osteocytes extend an estimated number of dendrites from 40 to more than 100, depending on species (Beno et al. 2006; Dallas et al. 2013) .
While osteocyte lacunae feature a regular ellipsoid shape, cementocyte lacunae are described as larger and more irregular in size and shape (from oval to tubular) and with rougher walls ( Fig. 2A-C) (Kagayama et al. 1997; Zhao et al. 2016) . Occasionally, lacunae containing more than 1 cell are observed in cellular cementum, an event not typically observed in osteocyte lacunae (Jande and Bélanger 1970; Zhao et al. 2016) . However, there is some suggestion that epithelial rests of Malassez (ERM), a network of cell remnants from fenestration of HERS, may occasionally be incorporated into cellular cementum, although morphology is distinct from cementocytes (Lester 1969; Jande and Bélanger 1970; Frank and Steuer 1977; Yamamoto and Hinrichsen 1993) .
In agreement with cementocytes harboring fewer dendrites than osteocytes, their canalicular network is also much less dense and appears less organized, leading to areas of cementum sparsely populated with canaliculi ( Figure 2D , E) (Kagayama et al. 1997; Zhao et al. 2016) . Cementocyte dendrites have been reported to be predominantly directed toward the cementum surface (rather than toward the dentin), but orientation and plane of sectioning must be kept in mind when considering this 3-dimensional arrangement (Bosshardt and Selvig 1997) . Osteocyte dendrites feature gap junctions, transmembrane intercellular channels allowing exchange of small signaling molecules between adjacent cells. Gap junctions have been shown to be present between the cytoplasmic processes of adjacent cementocytes (Frank and Steuer 1977) . While gap junctions indicate the potential for interconnectivity and cell-cell communication, nothing is known of the molecular components (e.g., specific connexin proteins) present in cementocytes.
An important question is whether the lacuno-canalicular network is actually functional for cementocytes to maintain their connectivity, in order to receive and send signals. Key studies have provided important insights. In vivo intravenous injection of microperoxidase tracer into rats confirmed a functional transport pathway into cementum (Ayasaka et al. 1992) . Whereas osteocyte lacunae exhibited homogeneous tracer distribution, the pericellular spaces around cementocytes were disproportionately labeled. Interestingly, lacunae of deeply buried cementocytes were more consistently positive than those of superficial cells, although tracer was detected intracellularly in most cementocytes regardless of position. While this study suggests an uneven circulation within the cementocyte lacuno-canalicular system, it does indicate the existence of a cementum fluid equivalent to canalicular fluid in bone and confirms that cementocytes can remain connected, even in the deep cementum. Fluorochrome labeling of rat cementocyte lacuno-canalicular systems (Kagayama et al. 1997 ) and fluorescein isothiocyanate (FITC) penetration into deep cementocyte lacunae and canaliculi in extracted human teeth (Suda et al. 1989 ) also support these findings.
In summary, cementocytes feature dendritic processes and a lacuno-canalicular network, making an osteocyte-like network of communication and mechanosensory function possible. However, irregular cell spacing and lacunar shape, as well as fewer dendritic connections compared with osteocytes, suggest fundamental differences in how this network develops and/or functions. Does this arrangement suggest less communication between, to, and from cementocytes compared with osteocytes? It is worth noting that these differences may reflect physiological differences in bone versus cementum. Bone is highly vascular and continuously remodeling, and we now know that osteocytes play a central role in orchestrating these processes. On the other hand, cellular cementum is avascular and grows by apposition, with no apparent physiological turnover. In this context, cementocytes are not so densely connected to the vasculature and may not require a high degree of interconnectivity with one another to function.
Are There Selective Markers for Cementocytes?
In osteocytogenesis, cells transition through several stages, including osteoid osteocyte, mineralizing osteocyte, and mature osteocyte (Bonewald 2011; Dallas et al. 2013) . During each stage, cells alter expression of key functionally important genes, and these serve as useful markers to define cells and understand their biology. Osteoid osteocytes express E11, which functions in dendrite development, and membrane type 1 matrix metalloproteinase (MT1-MMP), which functions in ECM remodeling to develop the lacuno-canalicular system, as well as mineralization regulators phosphate regulating endopeptidase homolog, X-linked (PHEX), and matrix extracellular phosphoglycoprotein (MEPE). Mineralizing osteocytes increase expression of the ECM protein, dentin matrix protein 1 (DMP1). Mature osteocytes are marked by Wnt signaling regulator sclerostin, endocrine signal fibroblast growth factor 23 (FGF23), and oxygen-related protein ORP150, a cell survival factor.
The expression and functional importance for most of these osteocyte markers have not been well explored in cementocytes in vivo. A key development in understanding cementocyte biology was the recent establishment of the first immortalized cementocyte cell line, IDG-CM6 (Zhao et al. 2016) . Cells from the cellular cementum were harvested from Immortomouse +/-; Dmp1-GFP +/-mice, followed by the use of interferon (IFN)-γ to induce immortalization by activating the IFN-γ promoter to drive expression of a thermolabile large T antigen. The same strategy was used to establish an immortalized osteocyte line, IDG-SW3 (Woo et al. 2011) . The expression profile of IDG-CM6 cementocytes was consistent with observed patterns in vivo and paralleled IDG-SW3 cells for key osteocyte markers, including Dmp1/DMP1, E11/gp38, and Sost/sclerostin. DMP1 was initially discovered in dentin but was later found to be more widely expressed and most highly expressed in osteocytes. DMP1 is a secreted ECM phosphoprotein that may regulate mineralization. DMP1 is expressed in mouse cementocytes in vivo and in vitro (Foster 2012; Zhao et al. 2016 ). In macaques, DMP1 was immunolocalized to cementocyte lacunae (Sawada et al. 2012) . In hypophosphatemic Dmp1 null mice, cellular cementum was reduced and hypomineralized, cementocyte morphology was altered, and the lacuno-canalicular system was abnormal (Fig. 3) , all changes that paralleled those observed in osteocytes and bone (Ye et al. 2008) . Hyp mutant mice, harboring a mutation in another early osteocyte marker, Phex, also exhibit hypophosphatemic rickets and similar cellular cementum phenotype compared with Dmp1 null mice (Foster et al. 2014) .
E11/gp38/podoplanin is an early osteocyte-selective protein thought to play a role in dendrite formation (Wetterwald et al. 1996; Schulze et al. 1999) . E11 protein has been identified in rat cementocytes (Tenorio et al. 1993) . In mouse cementocytes, E11 messenger RNA (mRNA) is expressed in vivo, and E11 protein localizes to cementoid cementoblasts (Zhao et al. 2016) . IDG-CM6 cells exhibit peak E11/gp38 expression at early stages, consistent with osteocytes. Deletion of MT1-MMP, another early osteocyte marker, results in reduced and defective dendrites due to loss of ability to remodel osteoid ECM (Holmbeck et al. 2005) . Conditional ablation of MT1-MMP has caused abnormal cellular cementum morphology and distribution (Xu et al. 2016) .
Sclerostin/SOST is expressed by mature osteocytes and negatively regulates bone formation by antagonizing canonical Wnt signaling in osteoblasts. Cementocytes express Sost/ sclerostin in vivo and in vitro (van Bezooijen et al. 2009; Jäger et al. 2010; Lehnen et al. 2012; Zhao et al. 2016 ), suggesting they may regulate cementoblast activity. Deletion of Sost in mice resulted in 1.5-fold increased deposition of cellular cementum (Fig. 4) , in parallel to increased alveolar bone deposition (Kuchler et al. 2014) .
The compositions of cellular cementum and bone ECM have been previously reviewed in detail (Bosshardt 2005; Foster and Somerman 2012) and present overwhelmingly similar profiles of collagens, proteoglycans, phosphoproteins, and other components. Some factors have been described as cementum selective or enriched compared with bone (Salmon et al. 2013 ), but these so far have not provided novel insights into the physiology of cellular cementum versus bone in vivo or clues about the origin or functions of cementocytes. Primary markers for cementoblasts and cementum, including collagen type I, bone sialoprotein (BSP), osteopontin (OPN), and tissue nonspecific alkaline phosphatase (TNAP), are also expressed in osteoblasts and bone. These types of early, synthetic ECM factors are downregulated during osteocytogenesis (Dallas et al. 2013 ), but little is known of their expression during cementocytogenesis or in cementocytes. ECM proteins, including BSP, OPN, and others, may be involved in directing mineralization and responsible for differences in hydroxyapatite crystal habit (size and shape) between the 2 (McKee et al. 2013) .
In summary, cementocytes in vivo and in vitro express key markers known to be important in osteocyte differentiation, including Dmp1/DMP1, E11/gp38, and Sost/sclerostin. Lossof-function studies in mice produced cellular cementum phenotypes resembling those in bone, supporting that these factors operate in similar fashion in the 2 tissues. However, until the functions of cementocytes are better understood, it remains unclear whether cementocytes play a causative role in the observed phenotypes.
What Are the functions (if Any) for Cementocytes?
Osteocytes have critical functions at both systemic and local levels (Dallas et al. 2013) . Osteocytes express regulators of systemic mineral metabolism, including DMP1, sclerostin, MEPE, PHEX, and FGF23. Loss of function of DMP1 or PHEX causes hypophosphatemic rickets in humans and mice, in part through upregulation of FGF23, an endocrine factor highly expressed by osteocytes that controls systemic phosphate metabolism (Foster et al. 2014) .
Cementocytes in rats have also been reported to express FGF23 (Yoshiko et al. 2007) . Are cementocytes, like osteocytes, linked into the endocrine system and able to receive and respond to signals or even secrete endocrine factors themselves? While some work has been done on cementoblast receptors, little is known about receptors expressed by cementocytes. However, cementocytes are reported to express receptors for endothelins, neurokinins, and calcitonin gene-related peptide 1 (Vandevska-Radunovic et al. 2003; Neuhaus and Byers 2007) . It remains unclear whether cementocytes play any role in directing systemic mineral metabolism and seems unlikely that they could have a significant effect in comparison to the multitudes of osteocytes expressing FGF23 and other factors.
There is increasing evidence for the importance for local regulation of bone mineralization through direct actions of factors including OPN, DMP1, regulators of pyrophosphate, and others (McKee et al. 2013; Yuan et al. 2014) . Osteocytes have been shown to direct mineralization and remodeling of their perilacunar bone (Bonewald 2011; Dallas et al. 2013) . Like osteocytes in vivo and the IDG-SW3 cell line, IDG-CM6 cementocytes express TNAP and promote mineralization in vitro, supporting in vivo studies where vital dye labeling of cementocyte lacunae and canaliculi suggested their participation in secondary calcification of cementoid matrix (Kagayama et al. 1997) . In parallel to bone osteocytes, cellular cementum exhibits delayed and reduced mineralization with altered cementocytes in Dmp1 null mice (Fig. 3) (Ye et al. 2008; Foster et al. 2014) .
A small number of studies suggest that cementocytes participate in "cementolysis," or resorption of perilacunar cementum. Administration of parathyroid extract or low-calcium and/ or low-vitamin D diets to rats resulted in apparent cementolysis and disturbed cellular cementum mineralization (Belanger 1968; Rasmussen 1977; Bielaczyc and Gołebiewska 1997) . Osteocytes perform perilacunar remodeling under mineral stress (e.g., lactation, hibernation) or pathological conditions (e.g., rickets). In support of this concept, osteocytes can express osteoclastic factors such as tartrate-resistant acid phosphatase and cathepsin K, and lacunar area increases and decreases in size in response to stimuli (Qing et al. 2012; Dallas et al. 2013) .
Osteocytes are mechanosensory cells responsive to changes in bone loading by virtue of their location within the bone, interconnected dendritic processes, and ability to sense and respond to hydrostatic changes in fluid flow within the lacunocanalicular system. Osteocyte mechanotransduction is strongly influenced by the material properties of the perilacunar bone, which surrounds the cell body and dendrites (Stern and Nicolella 2013) . Perilacunar bone is hypomineralized (compared with surrounding bulk bone) and rich in ECM proteins, including OPN and DMP1 (McKee et al. 1993; Feng et al. 2006) , which are responsive to mechanical loading and thought to regulate perilacunar mineralization and/or influence cell function via integrin signaling (Harris et al. 2007) . The presence of proteoglycans in perilacunar bone is also thought to regulate mineralization and possibly contribute to cell membrane adhesion (Smith et al. 1997) . It remains unknown whether cementocytes regulate their perilacunar cementum composition or mineralization in a similar fashion and whether these affect potential mechanotransduction functions of the cells.
In response to changes in bone loading, osteocytes direct osteoblastic and osteoclastic activities at the bone surface to orchestrate local bone remodeling (Bonewald 2011; Dallas et al. 2013) . Osteoclast differentiation and activity are promoted by the cytokine, receptor activator of nuclear factor κB ligand (RANKL), and inhibited by the decoy receptor, osteoprotegerin (OPG). Conditional ablation of Tnfs11 (gene for RANKL) in osteocytes significantly decreased osteoclast numbers and increased bone mass, a key finding demonstrating the significant role of osteocytes in directing local bone remodeling (Xiong et al. 2015) .
In vivo regulation of RANKL and OPG expression in either cementoblasts or cementocytes has not been extensively studied. Cementum is commonly attributed an "antiosteoclast" or "antiresorptive" property because of the lack of physiological remodeling, in addition to anecdotal observations that alveolar bone is more prone to resorption in pathological conditions such as periodontitis. It is not clear whether this putative antiresorptive property resides in the tissue (e.g., an ECM component), is within the associated cells (e.g., active antiosteoclastic signaling), or is derived from some other circumstance, such as the greater distance of cementum from the vascular elements that supply osteoclast precursors.
In vitro studies indicate that cementoblasts may directly inhibit osteoclast differentiation (Boabaid et al. 2004 ), but additional experiments suggested cementoblasts may recruit osteoclasts under proinflammatory conditions (Nemoto et al. 2006) . Compared with either alveolar or long bone, cellular cementum featured significantly higher Tnfrsf11b (gene for OPG) and lower Tnfsf11a mRNA, resulting in a higher OPG/ RANKL ratio that should inhibit osteoclast differentiation (Zhao et al. 2016 ). Furthermore, in vitro studies showed that IDG-CM6 cementocytes maintained a significantly higher OPG/RANKL ratio than IDG-SW3 osteocytes. More important, experiments subjecting cementocytes and osteocytes to fluid flow shear stress (FFSS) to mimic mechanical stimuli revealed fundamentally different responses. IDG-CM6 cells significantly increased Tnfrsf11b (no change in IDG-SW3) and significantly reduced Tnfsf11, in contrast to increased expression by IDG-SW3 cells. The higher OPG/RANKL ratio in IDG-CM6 cementocytes under FFSS suggests a potential mechanism for lack of cementum resorption observed during physiological use, as well as during orthodontic tooth movement and altered function (Kagayama et al. 1994; Walker et al. 2010) . However, it must be noted that cementum is not immune to resorption, and osteoclastic activity on the cementum can be induced by heavy orthodontic forces (Cheng et al. 2010) , hyperocclusion (Walker et al. 2008) , or unknown etiology. The participation of cementocytes in RANKL/OPG signaling to osteoclasts at the root surface provides an opportunity for better understanding cervical versus apical patterns of root resorption.
In addition to directing osteoclastic bone resorptive activity, osteocytes signal to osteoblasts to direct bone formation, such as by modulating Wnt activity through sclerostin secretion. In parallel to osteocytes and bone, cementocytes express Sost/ sclerostin, and increased cellular cementum results from ablation of Sost in mice (as described above; Fig. 4) . In vitro experiments show that like osteocytes, cementocytes decrease Sost mRNA in response to FFSS (Zhao et al. 2016 ). This raises the intriguing question of whether cementocytes can direct new cellular cementum formation in response to mechanical stimuli. While there is no clear answer at present, there are physiological circumstances associated with changes in tooth loading and function, where cellular cementum formation is stimulated. For example, cellular cementum formation begins around the time the tooth enters occlusion, and these mechanical forces have been speculated to direct the switch from acellular to cellular cementogenesis, although other evidence such as cellular cementogenesis in the furcation prior to eruption would argue against this (Bosshardt 2005) . Second, continued apposition of cellular cementum is thought to compensate for the slow attrition of enamel throughout life, maintaining proper occlusion of teeth. Increased cellular cementum production has been induced by unopposed super-eruption of mouse teeth (Walker et al. 2010) , as well as in response to physiological tooth movement in rats, whereas alveolar bone has been resorbed (Kagayama et al. 1994) . After small resorptions on the root surface, cellular "reparative" cementum is often formed in the course of healing, even when the site is on the cervical root (Bosshardt and Sculean 2009) . In all these scenarios, it is currently unclear whether the cementocyte is an active regulator of cementum formation.
Conclusions
Fundamental questions remain on cementum biology and the potential role for cementocytes. While differences exist between cementocytes and osteocytes, there are clearly important commonalities between them (Table) . However, functions of cementocytes in cementum biology remain to be demonstrated. Ultimately, the question that must be answered is whether cementocyte functions are important to cellular cementum development, homeostasis, adaptation, and/or regeneration.
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